Abstract:In this paper, a symmetrically feeding structure for linear dual-polarized feeds for a compensated compact test range (CCR) and a corresponding wideband balun are put forward. T M01 and T E21 modes within the circular feeding waveguide are compressed due to its electrical balance. The polarization purity of feeds is then improved. Thus, the level of cross-polarization can be very low, which is the key requirement for CCR. A new wideband balun that acts as a powerdivider and phase shifter with low amplitude unbalance and phase unbalance is designed for the new feeding structure.
Introduction
Since the pattern and phase center of corrugated horn are stable, it is generally used as feed in compact antenna test range applications. The switch between horizontal polarization and vertical polarization can be realized by mechanical rotation of the feed. However, the low frequency corrugated horn is of very large size and weight, so the feed positioner has to sustain heavy torque and tension when the horn is rotated. The case is especially worse for a scanning feed positioner that is utilized to enlarge the quiet zone, in which case the feed is moved. The rotation angle during the switch between horizontal polarization and vertical polarization is determined by mechanical method for simplicity and lower cost. As the result, the position accuracy is not good enough for the high frequency range. Thus, we investigated the dual-polarized feed [1] [2] [3] . One type is a quadruple-ridged horn, but the feeding needle probes for vertical and horizontal polarization cannot be arranged on symmetrical positions exactly. Differences in patterns and return losses between two different polarizations become inevitable and the cross-polarization can only reach as low as -25 dB to -20 dB at most [3] , which is much higher than the requirement for CCR, which is around -50 dB to -40 dB typically. In this paper, a symmetrically feeding structure (seen in Figure 1 ) is used for traditional corrugated feeds and the cross-polarization of this type of feed can reach as low as -40 dB without sacrificing pattern performances. As shown in Figure 1 , the balanced feed structure consists of four probes symmetrically located around a circumference of circular waveguide and two wideband baluns. The wideband baluns [4] [5] [6] [7] [8] are of back-to-back slot-line to microstrip transitions [1] . Every two opposite probes are driven by signals of equal amplitude and 180
• difference in phase to activate one polarization. The wideband balun is specifically designed to obtain the signals with 180
• difference in phase and equal amplitude to feed the two opposite probes.
In this paper, a 1.9-2.65 GHz double slotted corrugated horn fed by such a symmetrically feeding structure for CCR is designed. The analysis of modes that occurred in the circular feeding waveguide of this symmetrical structure shows the reason why the cross-polarization level decreases violently. Since the general calculation method on return loss is not suitable for this symmetrical structure, a new equation is derived. Special probes for better matching between coaxial and circular waveguides is also designed. By adding two rectangular matching holes to the ground plane, the VSWR of the wideband balun decreases to 1.85 while its amplitude unbalance and phase unbalance are maintained at a very low level compared with the similar ones in [9] .
Dual-polarized feed fed by symmetrical structure
The feeding structure of the dual-polarized corrugated horn is composed of two parts:
1) The feeding circular waveguide, 2) Coaxial to circular waveguide transition.
Modes in the symmetrically feeding structure
According to the cut-off frequency of propagation modes in the circular waveguide (shown in Figure 2 ), besides the dominant mode the TE 11 , TM 01 , and TE 21 modes may also occur in the circular waveguide of this double slotted horn. Cross-polarization increases stemming from these two modes. When the symmetrical structure shown in Figure 1 is used, the two higher modes, TM 01 and TE 21 , are depressed. The reason is that an odd mode cannot excite the even modes. Then the cross-polarization becomes lower. Because there is only one dominant mode in the circular waveguide, it becomes practical to reduce return loss by matching design. Besides, the precisely symmetrical structure guarantees a much smaller difference of pattern performances between horizontal polarization and vertical polarization. 
VSWR calculation of symmetrically feeding structure
For symmetrically feeding structure, two opposite ports are excited at the same time. The expression of VSWR is different from that of single port excitation, in which case it is assumed that all other ports are connected to matching loads except the port connected to excitation. The calculation equation must be modified.
A symmetrically feeding dual-polarized feed can be regarded as the following equivalent four-port network (see Figure 3) . The scattering coefficients of this four port network should be:
where a i is the incident wave of the i th port and b i is reflection wave of the i th port.
Suppose port 1 and 2 are excited for the symmetrically feeding network,
Then from Eq. (1):
The VSWR ρ i can be obtained as:
Due to the symmetry of the feeding ports, the VSWR values of two opposite ports are the same. Another important specification parameter, isolation between the cross ports, can also be deduced in a similar way.
Matching design between coaxial and circular waveguide
The matching between the coaxial and circular waveguide has a great effect on VSWR and cross-polarization. As shown in Figure 3 , to assure that only the single dominant mode occurs in the circular waveguide, the wavelength should be between 0.82 D and 1.71 D, where D is the inner diameter of the circular waveguide. Thus, the diameter can be estimated. A special transition probe shown in Figure 4 is designed to improve matching. In the design, we have to decide the following parameters: the optimized distance between the coaxial inner probe and bottom plate, which affects the VSWR severely, and the size of the transition probe. The expressions of input impedance of the coaxial probe intruding into the circular waveguide in the radial direction are derived [10] , by which the approximate location of the probe can be found. The length and diameter of the transition probe should be a trade-off between strong coupling between the neighboring probes, which decrease isolation and increase cross-polarization, and a mild transition in structure, which is good for return loss reduction. Based on these basic rules and experience the optimized ratios between sizes of different parts of the probe are summarized in the Table. The length of the probe is about 1/4 of the wavelength.
L1 L2 L3
D2 D3 D1 
S band wideband balun for CCR feed
The wideband balun was developed in [11] [12] [13] [14] [15] .The scattering matrix of the balun is
The power loss from input to output ports mainly depends on two factors: radiation and reflection. The more the power coupled to the output ports is, the less the VSWR is. Based on the definition of coupling:
Z OO , and Z OE stand for odd and even mode impedance, respectively.
Here, C E and C O are determined approximately by Eq. (8):
Obviously, in this coupling balun structure, if more energy is coupled from input to output ports, the reflection becomes less, i.e. the VSWR decreases. Based on Eq. (5), coupling can be enhanced by increasing the difference between Z OE and Z OO . One common approach to enhance coupling is to reduce the gap between the main and subcoupled lines. The basic theory of this approach is as follows: the coupled lines form an additional part of C E , which leads to the fact that Z OO is bigger than Z OE . When the gap decreases, the addition part of C E increases while C O remains the same. Thus, the difference between Z OO and Z OE becomes larger. However, this approach is often subject to the constraints of manufacturers. Currently, the minimum tolerance provided by general printed circuit slab manufacturers is about 0.025 mm, and thus this approach is not a practical choice. Here we design two rectangular holes on the ground plane. Thus, as described in Eqs. (6), (7), and (8), C E and C O between the microstrip lines and the ground plane decrease proportionally, while the additional part of C E between main and substrip lines remains the same. Then, according to Eq. (5), the coupling increases. The field distributions with and without rectangular holes are compared as follows (shown in Figure 5a and Figure 5b ).
The electric field intensity at the output ports is significantly enhanced after adding the rectangular holes in the ground plane. More power is coupled to the output ports and the VSWR is thereby reduced.
The proposed wideband balun, fabricated on a Teflon substrate with thickness h = 0.8 mm and dielectric constant ε = 2.65, is shown in Figures 6a and 6b . The width of the lines close to the input and output ports are determined to achieve a characteristic impedance of 50 ohm. The length and the width of the slab are 48.48 mm and 37.13 mm, respectively. The S12 \ S13 and VSWR with and without the rectangular holes are measured using an Agilent E5071C. The simulation results and measurement results are shown in Figures 7, 8a , and 8b. As is shown in these figures, the VSWR becomes better when the coupling is enhanced. The coupling is -4 dB without the rectangular holes, while it is -3.7 dB with the rectangular holes. The VSWR is 2.25 without the rectangular holes, while it is 1.85 with the rectangular holes. As shown in Figures 9 and 10 , the amplitude unbalance and phase unbalance of the feeding circuit calculated from the measured data are maintained at a very low level, which is key for polarization purity of the horn.
However, the rectangular holes should be set at a proper place with optimized dimensions. Otherwise, the match between the main and substrip lines will deteriorate.
S band dual-polarized feed for CCR fed by symmetrical structure
An S band dual-polarized feed for a CCR fed by a symmetrical structure is designed (Figure 11 ). Within the most part of the frequency range from 1.9 to 2.65 GHz, VSWR is less than 1.5. It is much lower than that without a transition probe, or about 2 within the frequency range between 1.9 and 2.65 GHz [16] . The simulated and measured copolarization and cross-polarization patterns at three frequencies (from the lowest of 1.9 GHz up to the highest of 2.65 GHz) are shown in Figures 12a-12f . The measurements are done in a CCR 120/100 system by the China Academy of Space Technology. Within an azimuth angle range from -90
• to 90
• , cross-polarization is less than -35 dB, which is much better than those of double-polarized quadruple-ridged horns [2, 3] . The azimuth angle corresponding to 1 dB taper is 30
• , which provides a wide in-view angle for CCR. The isolation between the cross ports is less than -42 dB.
Conclusion
A symmetrically feeding part can be used to realize dual-polarized feeds for CCR. The symmetrical structure can depress the higher modes within the circular waveguide. The cross-polarization isolation is improved greatly compared to conventional double-polarized quadruple-ridged horns. VSWR is reduced from 2.25 to 1.85 with two reasonably designed rectangular holes on the ground plane, while amplitude unbalance is less than ±0.15 dB and phase unbalance is less than ± 0.5
• . The cross-polarization of an S band dual-polarized feed together with its feeding circuit for CCR feeding by symmetrical structure can reach as low as -35 dB within the whole 180 • azimuth range. Adding a specially designed transition probe between the coaxial and circular waveguide, the feeds can achieve excellent input matching.
